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ABSTRACT

Ducting of a pulsejet is a means to keep the engine operating at flight

Mach numbers at which unducted conventional engines would not operate. It

also allows the primary engine to take advantage of the possible ram precom-

pression which is not utilized in the case of conventional pulsejets.

Since no methods are available to analyze in detail the periodic flow

phenomena that occur in engines of this type, some approximate method of

performance calculation is required. Depending on the shroud configuration,

mixing of the pulsojet exhaust with the remaining shroud flow may or may not

take place. In the latter case, methods of analysis developed for single-flow

engines may 'e applied while in the former, only the equivalent steady flow

approximation appears to be feasible at the present time.

Estimates are derivea for the magnitude of the flow pulsations in the

shroud and on the basis of this, a discussion of the equivalent steady flow

approximation is presented.

Unfortunately, it is found that only a rough estimate of the poten-

tial engine performance can be made. However, from the performance computed

for varioua conditions, it is possible to draw certain conclusions about the

merits of various configurations.
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I. INTRODUCTION

Successful operation of conventional pulsejets has so far been limited

to comparatively low flight velocities. As the velocity is increased, the

increasing ram pressure at the inlet valves requires a higher combustion pres-

sure to keep the valves closed over a sufficiently long fraction of each cycle;

on the other hand, back flow thrcugh the tail exit and precompression are re-

duced and it becomes more and more difficult for the combustion process even

to maintain the pressures observed during static operation of the engine.

Eventually, the valves remain open for too great a fraction of each cycle and

in the vicinity of a flight Mach number of 0.6 the engine will cease to resonate

Attempts are being made to extend the useful operating range of pulse-

jets to higher flight Mach numbers. One such approach is to place the pulsejet

inside a shroud which is designed to keep the flow around the engine at a low

Mach number at all times. In a power plant of this type, known as a ducted, or

shrouded, pulsejet, the detrimental pressure difference between ram pressure
exit

at the inlet valves and static pressure at the tail pipe/is practically elim-

inated and with a suitable shroud design it should therefore be possible to

keep the engine operating at any -flight Mach number. Furthermore, this scheme

allows the primary engine to make full use of the possible ram precompression

which is not utilized in conventional pulsejets.

The schematic construction of a ducted pulsejet is shown in Fig. 1.

Air enters the shroud through the inlet diffuser where it is slowed down to rk

low Mach number. Part of thds flow is required for the operation of the

pulsejet and after being exhausted from the latter, mixes with the remaining

shroud flow. Finally, the gases are returned to the atmosphere through the

exit nozzle.

--- •*.--
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¶ Several variations of this ba'iic configuration may be considered. The

pressure at the pulsejet valves is primarily determined by the 1.ight velocity

irrespective cf whether or not the shroud is present. An alternative to the

completely ducted engine of Fig. 1 is therefore a type where only the tail pipe

of the pulsejet is submerged in a shroud; this configuration will be referred

to as tail ducted engine.

Mixing of the pulsejet exhaust with the surrounding shroud floir is not

always beneficial; therefore, the two extreme cases will be considered: (a)

engines with a shroud that is long enough to insure complete mixing, and

(b) engines where the shroud is so short that mixing is eliminated.

The intermittent action of the primary engine produces a periodically

pulsating flow that cannot be analyzed in detail at the present time and some

approximate method to estimate the potential perfonnance of the ducted pulse-

jet is therefore needed. Engines in which no mixing takes place can be treated

essentially in the same manner as single-f'low engines and the method recently

given by Foa(2) may therefore be applied. In the case of configurations that

involve mixing, it seems that the only method of analysis that is available at

the present time is the "equivalent steady flow" approximation. This method

is based on the consideration that if the flow pulsations are sufficiently

small, the mean values of the flow parameters may be used to characterize a

steady flow that would be equifalent in its effects to the actual pulsating

flow in spite of the nonlinearity of the gasdynamics relations. Whether or

not such an approach would lead to reliable results in the case of the ducted

pulsejet depends therefore on the magnitude of the flow pulsations in the

shroud.
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A previous investigation(3) was based on this concept of an equivalent

steady flow. In this preliminary study this approach was, a priori, assumed

to be valid (see, however, footnote on page 20). In the following, an

estimate for the magni.tuc- of the flow pulsations in the shroud is derived and

on the basis of this, a more detailed discussion of the equivalent steady flow

approximation is presented. Unfortunately, it is found that only a rough

estimate of the potential performance of the ducted pulsejet can be obtained.

It Is possible, however, to reach certain conclusions saout the effects of

flight spead and the merits of the various shroud configurations referred to

above.

At the time of completion of this manuscript, a paper by Sanger(•)

came to the author's attention which is a general study of ducted steady-flow

power plants. A short portion of the paper is also devoted to the ducted

pulsejet, however, without discussion of the validity of this approach. Al-

though no direct comparison of results is possible, there is substantial agree-

ment on certain conclusions reached.



II LIST OF SYMBOLS

The analysis of one-dimensional-flow problems is greatly facilitated

by the use of certain functions of the Mach number and tables of these

functions(. These functions are defined below where also a nuiber of iden-

tities and definitions are given that will be used in the course of the

calcu•ations.

The following symbols and units will be used:

a ft/sec speed of sound

A ft 2  cross sectional area

'C Btu/ib, OR specific heat at constant pressure

D M: ( *I+ A)2

F lb stream force = h*r

g ft/sec2  acceleration due to gravity

G~~ A4 ;rM );*-ZLv2) ff 4 1M

h Btu/!b heating value of fuel

I& sec. air specific impulse = T -

if sec. fuzel specific impulse a I,,
- uncertainty factor (defined in

Section IV.A)

nm slug mass

M slug/sec air mass flow = pAv.. - (
FTII 5F4

AY PAVD
4--f

- 4 -



MW -Mach number -

S-shocK Mach number
(Mach number of the supersonic flow ahead of
a shock, relative to the shock wave)

' Mach number of the subsonic flow behind a
shock relative to the shock wave

A -ratio of downstream to upstr.,a stagnation
pressures across a shock wavy"

Slb/ft 2  static pressure

P lb/ft2  stagnation oressure

S btu/i- heir". added per pound of air

"iass flow ratio =

ft.' "'i.Ug,pO gas constant

A Btuaib.OR specifi" entropy

t sec. time

1 lb. thrust = (a.

a ft/sec. flow velocity relative to power plant

U ft/sec. shock velocity relative to power plant

S- air/fuel ratio

S-- ratio of specific heats

•c - combustion efficiency

I0 S R static temperature

OR stagnation ttperature

yA slug mass per cycle

'D slug/ft 3  gas density

0' _ = P/

T sec. period of pulsejet oscillations

ki-p-



Subscr-ipts

Subscripts 1, 2, 3.... etc. refer to flow c(-nditioris that ars identi-

fied in Figs. 2 and 4, respectively.

i n•itial shock wave in the tail pipe of the pulsejet that is
produced by an explosion in the combustion chamber

u. upstream moving shock maves

d downstream moving shock waves

o free stream conditions relative to power plant

St throat of the inlet diffuser equivalent

a exit of shroud inlet diffuser steady flow

b inlet of shroud exit nozzle conditions

e shroud exit

j pulsejet exit 1 instanteneous

A annular space of the shroud values

at the location of the pulsejet exhaust

P characteristics of the primary pulsejet

n normal sea level conditions

( ) mass average of a parameter over one period of the pulsejet,

e.g., f - - di

V time Lverage of a parameter over one period of the pulsejet,

e.g., dp t

A

-6- !
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ITI THE MAGNITUDF OF THF FLOW PULSATIONS IN THF SHROUD OF A DUCTED PULSFEJFTf

Pressure waves in the shroud of a ducted pulsejet originate both at the

inlet valves and at the tuil exit of the prim&ry engine. This Section repre-

sents an attempt to estimate the magnitude of the variations cf the state and

flow parameters in the shroud,

The pressure waves are reflected from various points in the shroud and

superpose new waves created in the following cycles, until eventually, a periodic

flow field is established. Nonsteady flows in ducts are usually studied by

(6)
means of the method of characteristics This method, however, requires the

knowledge of the initial conditions in the duct which are not known in the

case of periodic flow phenomena. It is therefore necessary to assume an initial

steady flow in which the oressure waves are generated. In the cases considered

here, the extreme variation of the state and flow parameters can then be es-

timated from the initial waves of a characteristics diagram.

The flow in the inlet diffuser divides i1 to two branches that merge

again downstream of the pulsejet exhaust. These "branched flows" were studied

using the relations that apply to one-dimensional flows. The solutions become

therefore valid only at some distance frrithe branching points. The analysis was

carried out separately for each branching point.

A. Pressure waves originating at the pulsejet inlet

The lowest pressure and highest flow velocity at the pulsejet valves

occurs while the valves are open and inflow takes place. When the air-fuel

mixture in the corbustion chamber explodes, the vall-es close rapidly which

causes the pressure ahead of the valves to rise tc its maximum and the flow

velocity to drop to its minimum Yalue. The rapid pressure rise produces

pressure waves, treated approximately as shock waves, that are teavelling

7



upstream toward the shroud inlet and downstream around the pulsejet, respec-

tively. These waves and their paths in a time-position plane are indicated in

Fig. 2. It is assumed that the open valves do not block the flow at all so

that the velocity with which the flow enters the pulsejet is equal to that of

the flow around the pulsejet.

Let all parameters during the inflow period be denoted by subscript 1.

After passage of the waves, the modified parameters upstream of the inlet

valves and of the flow around the pulsejet will be characterized by subscripts

2 and 3, respectively. The regions in which these subscripts apply are also

indicated in Fig. 2.

When the valves close, the area available to the flow contracts from

its initial value Amx to a value A . The strength of the two shock

waves produced depends on the initial flow conditions and on the area ratio

Let all velocities a be measured relative to the duct and positive

in the downstream direction and let the speed of sound be denoted by a.

From the velocity U, of the upstream moving shock wave, the shock

Mach number (ie., the Mach number of the supersonic flow relative to the

shock) follows as

It a, (I)

The Mach number of the subsonic flcw behind the shock and relative to the

shock becomes

AD' 
1Jf. U__ a,

ataI a,(

Pi



Eqs. (1) and (2) combine ýo

S~a,

Denoting the Mach number of the downstream moving shock by M.. ,one

obtains in the same way

Al, (M, , M, (4)

aj

Since the modi',,ed flz,, behind the two shock waves is again steady,

the masb flow must be the same in regions 2 and 5 with the same value of the

stagnation temperature 0 . If the flow around the pulsejet is considered to

be isentropic, the stagnation pressure P must elso be the same in the two

regions and, therefore, the relation

Amax D. = A, D (5)

holds (see List of Symbols for mass flow).

For any value of .41t, , the parameters 41 (,, , a/a and iti Al

and for any 4Ae , the parameters t4 d , a3 /a and p /P can

be obtained from the Rankine-Hugoniot shock relations or from a table of

these relations, e.g., reference 5. Auxiliary.graphs can then be prepared

on the basis of Eqs. (5) and (4) in which the parameters D2  and

P, /,, = (Pz / ) ( /• ) are plotted versus 'At and, similarly,

D3 and P. /lI versus Md for selected values of M, . Since P, - P5,

one may obtain from these graphs pairs of values D. and DL) for any

value of,4 . The area ratio A3 / that corresponds to the assumed

value of LJQ follows then from Eq. (5),

-- 9--



The results of these calculations are shown in Fig. 3 where the strength

of the upstream travelling shock wave is plotted versus the area ratio 4_ A ma

for values of the initial Mdch number M. ranging from 0.2 to 0.5. The shock

strength is expressed both by the pressure ratio across the shock p2 and

by the shock Mach number 4t. . For the two extreme values of M, , the cor-

responding curves for. the downstream travelling shock wave are also entered as

dashed lines.

In any actual engine, the fraction of the flow in the shroud that is

not interrupted by the closure of the valves, (A3 /1r.), will generally be

greater thau about 0.4, and the maximum Mach number at the exit of the inlet

diffuser will probably not exceed 0.35. Under these conditions, the pressure

ratio p /r would be less than 1.30. Since the mean value of the pres-

sure would be somewhere near the middle of its range of variation, the ampli-

tude of the pressure oscillations could thus be estimated to be at most 15% of

the mean pressure and in many cases it could be expected to be considerably

smaller.

B. Pressure waves originating at the pulsejet exhaust

The area of the tail pipe exit of the pulsejet is denoted by A1  and

the maximum shroud area again by Am . As before, it is necessary to

assume a steady initial state. Let subscripts 1, 2, and 3 refer to the con-

ditions in the shrol-d downstream of the tail pipe exit, upstream of the tail

pipe exit, and inside the tail pipe, respectively. Inflow into the tail pipe

of the pulsejet has practically ceased just before the exhaust period starts

and therefore the assumption is made that in the tail pipe the flow velocity

is zero and the temperature is equal to the stagnation temperature in the

shroud. The duct area that is available to the shroud flow suddenly widens at

101 .61
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the location of the tail pipe exit so that the flow from region 2 to region I

is not isentropic. The initial pressure wave that is produced by the explosion

in the combustion chamber of the pulsejet is approximated by a shock wave of

shock Mach number At4i The conditions in the tail pipe following the

shock wave are characterized by subscript 4 (see Fig. 4a).

The shock wave is reflected from the tail pipe exit as an expansion

wave and the pressure rise in the shroud is propagated upstream and downstream

by two shock waves of strength /%, and A/4 , respe.ctively. The subscripts

used in the various regions after reflection of the primary shock wave are in-

dicated in Fig. 4b. The pulsejet exhaust mixes with the aodified shroud flow

and subscript 7 refers to the completely mixed conditions. Downstream of the

mixing region, and separated from it by an i0;'erface, is the flow that has

been modified by the downstream moving shock wave (region 8). The path of

the various waves in a time-position plane is shown in Fig. 4c which is drawn

in two parts to show the relation between the conditions downstream of the

pulsejet exit, and the flows in the tail pipe and in the shroud, respectively.

The problem is to find the strength •.• and 4t, of the created

shock waves for a given configuration Aj /Ara , initial flow conditions,

and strength QA; of the initial shock wave. The calculations are essen-

tially similar to those used in the previous Section but they are ccnsiderably

more lenghy since mixing of the exhaust jet and the shroud flow must also be

considered. Solutions can only be obtained by a trial and error procedure.

Guessing the value of p / / and setting p = p (unless the pulse-

jet exhaust becomes sonic or supersonic in which case the exhaust Mach number

and not the pressure determines the wave reflection in the tail pipe) enables

one to compute the exhaust flow and the modified shroud flow upstream of the

-- X i --



tail pipe exit. Conditions 7 are then detelmined from standard mixing relations

for constant area mixing. Across the interface that separates regions 7 and 8,

pressure and velocity do not change and either of these parameters leads to the

strength Mt• of the downstream travelling shock wave. Unless the two values of

', 4d thus obtained coincide, the original guess rust be modified until agree-

ment is reached.

The results of these calculations are shown in Figs. 5 and 6. The com-

putations were limited to two geometrical configurations, namely Aj //•nax = 0.6

and 0.4, respectively, which enclose the range most likely to be encountered in

actual engines. The initial flow conditions were prescribed by MI = 0.1,

0.2 and 0.5, respectively, and the Mach number of the initial shock wave was

varied between 1.0 and 1.6 corresponding to pressure ratios p0 between

1 and approximately 2.8.

Fig. 5 shows that the upstream moving shock waves are comparatively

weak. Their strength does not increase continually as the strength of the

initial shock increases but reaches a maximum value and then decreases again.

Qualitatively, this may be explained as follows: With increasing strength of

the initial shock wave, the pressure at the tail pipe exit would tend to rise

thus decelerating the flow around the tail pipe. At the same time the outflow

from the tail pipe acts as an ejector jet in the surrounding flow, accelerating

it, and thus tUnding to decrease the strength of the upstream moving shock

wave. The maximum of the curves in Fig. 5 results from the interaction of

these two opposing effects. Actual pressure measurements taken at a point

close to the tail pipe erxt of small pulsejet modr1s indicated that the ratio

between the maximum and the minimum pressure there is somewhat in excess of two*.

*These experiments were carried out with a small pu sjet model (toil pipe di-
ameter of 5 in.). A condenser type pressure gaugea7) was mounted one inch from
the tail pipe exit, and the pressure fluctuations were recorded by means of a
cathode ray oscilloscope and a strip camera.

-12 - i
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This would correspond to points close to the maxima of the curves in Fig. 5.

For the required low values of M 2 , the corresponding values of M6  would

then be extremely low. One is therefore led to the conclusion that in a

ducted pulsejet, the shroud flow around the tail pipe is practically brought

to rest periodically by the exhaust from the primary pulsejet. Evidence sup-

porting this conclusion was obtained by experiments that are described in the

Appendix.

In Fig. 6, the strength of the downstream moving shock wave is plotted

versus the strength of the primary shock weve for the two analyzed configura-

tions and various initial flow conditions. As one would anticipate, the pres-

sure fluctuations downstream of the mixing region are still quite large but

they are considerably smaller than those at the location of the pulsejet exhaust.

Their strength increases continually with that of the primary wave.

IV ANALYSIS OF THE DUCTED PULSEJET

The schematic design of a ducted pulsejet was shown in Fig. I and pos-

sible variations of the shroud configuration have already been pointed out

in Section I. Depending on whether or not mixing of the pulsejet exnaust with

the surrounding duct flow takes place, different methods of attack are re-

quired which are based on certain assumptions and approximations that will be

discussed in the course of the analysis. Those assumptions, however, that

apply in either case are collected here:

The air flowing through the engine is treated as an ideal gas with

constant values of the specific heats. The effects of the mass of the in-

jected fuel are neglected. All flows are treated as one-dimensional.

- 13 -



Since the primary purpose of this study is an attempt to develop a

method of performance analysis, losses do not occupy the important position

which they normally assume in engineering applications. For this reason,

losses dae to wall frction are not taken into account since they would intro-

duce complications that are not considered justified at this stage.

Allowance for ineomplete combustion is made; this merely requires a cor-

rection factor (combustion efficiency) to be applied to the heat released by

the fuel.

Shock losses at supersonic flight speeds reduce the stagnation pres-

sure that is available at the pulsejet inlet from the free stream value

P, to P. - e 0 R . The value of o- depends on the configuration under invest-

igation. If the shroud completely surrounds the pulsejet, as illustrated in

Fig. 1, it was shown in the previous Section that the strength of the up-

stream travelling pressure waves is quite small. It seems therefore reasonable

to assume that the shock losses in this case are essentially the same as in a

steady flow with the shock located at the optimum position in the diffuser.

All calculations are based on a Kantrowitz-Donaldson diffuser(8) designed for

the flight Mach number considered. The throat Mach number for this diffuser

is given by the relation(5) Dt = 0.5787 Na where -N denotes the Mach number

function that is equal to the ratio of downstream and upstream stagnation pres-

sures of a shock wave. Thus, diffuser shock losses are allowed for by

setting - -N.

In a tell ducted engine, the pressure waves created by the closing of

the valves cannot dissipate part of their strength in the flow around the

pulsejet. Shock losses are therefore larger in this case than in the pre-

vious one and they are assumed to be equal to those corresponding to a

-_14 -



normal shock at flight Mach number, as was done in previous analyses

In this case, one has simply a - M

The atmospheric temperature enters in the calculations. A value of

4600 R (corresponding to an altitude of about 16,000 feet) is used but the

effect of deviations from a reasonable average temperature is quite

negligible

A. Engines with complete mixing of the pulsejet exhaust with the shroud flow

The problem of dealing with periodic flois in which the amplitude of the

pulsations is not negligible, is further complicated in this engine configura-

tion because mixing of two nonsteady flows must also be considered. It seems

that, at the present time, the "equivalent steady flow" approximation offers

the only possible approach.

It was shown in the previous Section that the upstream travelling pres-

sure waves in the shroud are quite weak and the use of steady-flow relations

seems therefore justified for the flow in the diffuser exit - statiod a. (Fig.l).

The average values of the flow parameters at this station will be denoted by

subscript a.

At station b which is located at that section of the shroud where mix-

ing is completed the flow pulsations are still of considerable magnitude. If

one imagines now an extremely long extension of the duct, the compression and

expansion waves in the flow would gradually overtake and cancel each other and

all temperature gradients would disappear due to heat conduction between gas

layers of different temperatures. Thus, the flow would ultimately become

steady although its entropy would then be higher than the mean entropy of the

completely mixed but still pulsating flow. The use of the "equivalent steady

flow" approx-imation for the exhaust of the ducted pulsejet should only be con-

sidered in those cases where it can be shown that the additional entropy rise,

S- 1s -
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due to the flow becoming steady, is small compared to the mean entropy rise

that the air undergoes from the free stream condition to the completely mixed

but nonsteady state at station b. Since this additional entropy rise can oray

be computed for specific cases, an arbitrary flow with pulsations of a reasom-

able magnitude must be assumed. The following cyclic variations of the flow

parameters were chosen:

--P-- : 0 2 ros 2 rrM

2. a6 (0 0.5 cos 2,-r- )

M 0 25 (0 -0.4 cos 2. 7 rm

Since the mean entropy is determined by the mass average and not by the time

average, the above parameters are given as periodic functions of the mass rn

that has passed the station since the beginnirg of the cycle. The mass :of air

for one complete cycle is denoteýd by A.

If the entropy level of the free stream is taken as zero, the entropy

of any mass element is given by

A- ,- (6)

and the mean value of the entropy is then given by

If the values for the state parameters are substituted here, the

integral may be evaluated numerically. For the assumed flow conditions th'%

result is :; 0.781.

-16 -
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Subscript b will be used to denote the parameters of the equivalent steady

flow which must be determined from the mean values of mass flow, energy flux and

stream force since these three quantities must be the same for the steady and

pulsating flows if they are to be considered equivalent.

The mass flow rnb is given by

rh -

where T , the period of the oscillations, follows from the relation

-J M(/dm
(9)

The mean mass flow may therefore be obtained in the form

The stagnatiov temperature of the equivalent steady flow ic obtained

from the condition that the energy flowing uast a section during one cycle

must be the same at all sections, or

.F./o-b - foc,..

0

It follows from this that

Gb I /"Z (,- + -19b~ MI) dn
•, •., J 2 (n)

S~- 17 -
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The stream force F being derived from the momentum equation, must be

obtained from the time average of the variable stream force F In order to

evaluate this time average, it must be transformed first into a mass avernge

since the flow parameters were given as functions of mass rather than time.

One can write for the mean stream force

where the last re3ult is derived by expressing both F and r; in terms of

the given flow parameters. If one substitutes here for T' the value from

Eq. (9), one obtains finally

f _
M •rn

The right hand sides of Eqs. ( ,), (11), and (12) can be evaluated by

substituting the given flow oarametcrs and integrating numerically. Because

of the identities (see List of Symbols)

A 'ph (10a)

and

pAm .. x (12a)

one can solve Eqs. (10), (lOa), (U), (12), and (ika) first for N. - Ob 6,

- -. i--



and then by the use of tables of these MEach number functions a3so for

Rb / From this last quantity and Eq. (6), the entropy of the flow may be

-omputed. The arwumptions made abo7c for the flow paxame 'ers lecd to a value

M2= which ust be compared with the mean entropy of the pulsating

flow of 0= 0781

In this case, which is believed to be fairly representative, the addi-

tionsl entropy rise due to the flow becoming steady in the hypothetical duct

extension is therefore less than 10 percent of the mean entropy rise that the

air undergoee from frfee stream conditions to the er-haust of the ducted pulse-

jet. The significance of this entropy error may be evaluated by means of a

relatirntL derived by Fos' , which expresses the entropy rise through a

pulseJet as function of the air/fuel ratio, combustion efficiency, and mode

of combustion (approximated by the exponent of a polytropic process). Using

this relation, it can be verified that the combined effect of* the unavoide le

uncertainty of these parameters on 'the entropy rise in the engine is f A'te

same order. of magnitude as the entropy error introduced by the "equivalent

steady flow" approximation.

On the basis of these entropy considerations alone, the use of stead-r

flow relations fox- the engine exhaust would thus lead to results that are

somewhat conservative. On the other hand, the thrist that is developed by

a steady flow is always higher than that of a pulsating flow .' same energy

flux These two -0fects neither of which is large thus tend to cancel

each other in +heir influence on the computed performance and it seems there-

fore justified to treat the oxhaust of a ducted pulsejet in terms of steady-

flow relations.

-19 -
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In the caurse of the following analysie, it will be possible to compute

the m:ean values of mass flow and energy flu, from the given data. However, the

average stream force will only bh obtained as an approximation. The reasons

f.nr this All be discussed belev and th• uncertainty of the stream force will

t;e expressed by a factor applied to the computed average value.

It is now possible to build up a method of performance analysis for

thB ducted pulsejpt. In addition to the general conditions listed at the be-

ginning of this 53ection, it is necessary t3 make assumptions for the perfonrance

of the undLcted pulsejet. Let 1, be the thrust of the pulseiet under the con-

ditions prevailing Inside the shroud, and Tp• the thrust of the same engine

at a flight velocity corresponding to the mean Mach number of the shroud flow

but under standard sea level conditions (0 , 1" ). It may be assumed in

reasonably good agreement with observations that the thrust is proportional

to the density of the surrounding air and because of the low Mach numbers of the

shroud flow at station a, one may with suificient accuracy take the stagnation

instead of the static density at this station.

If Aj denotes the area of the pulsejet exhauat, the ratio T,/4A

is one of the performance parameters of the primary pulsejet that must be

assumed. The thrust inside the shroud may therefore be expressed in form

rP. - To-# )

*The 'thrust T. is here defined as the change of momentum transport of the air

that -,lows thra the engine. In the previous analysis of the ducted pulse-
Jet(l, the same value of Tp was incorrectly taken as the change of momentum
transport including the flow around the engine. Since the contribution of the
shroud flow, which will be deteimined in the following, may bc a considerable
.1rag, the resu3.ts of the previous analysis mvot be considered as too optimistic.

-2- A
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or

T, 1),, A ~ 2 (13)M

The fuel specific impulse jt and the air/fuel ratio a-p of the

primary engine are assumed to remain unaltered when the engine is operating

inside the shroud. Then the air specific impulse lap which is given by the

ratio If Ix/p also remains constant and the mass flow through the pulsejet,

r;1d >• , may be calculated from the relation between these parameters

and the thrust of the engine (see List of Symbols) as

< Tp••o •/p, Ama<rn e -T" P (14)

The design of the shroud is characterized not only by A; i/Ana

but also by the inlet and exit configuration. These conditions detenmine how

much of the mass flow that enters the shroud passes through the pulsejet,

< )hi >•,• and how much flows around it, < (4>) . The ratio

< V
<rnh >av is

thus represents a design perameter that .may be given an arbitrarily selected

value.

SIt is now possible to calculate all flow parameters at station a

since Pa O- aPo , z - e. and rii/ mao--x ( (- r)<rhj/>a mcx.

The average stream force in th2 mixing region of the shroud is made

up of two parts, namely, the stream force of the pulsejet exhaust < F >%,

and the contribution of the duct flow around the pulsejet <f >,
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The following definitions apply

b~nd

r + f- j dt - < rh@ u>, (17)

If viscous flow losses in the shroud are neglected, the flow from

station a to station 4 is isentropic so that the mean Mach number may be

computed from the relation

r
(A M ---- AO )(D 4  Al()

from which < D4 >=, and a corresponding mean Mach number A/f4 mean is

obtained.

Since the shroud diemeter is small compared to the wavelength of the

pressure waves one may take the pressure at the location of the pulsejet ex-

haust as uniform across the entire section, or p = [ and thus set

7"" 1 (19)
A44rea n)

These relations are somewhat uncertain not only because losses in the

rather narrnw passage between shroud and pulsejet have been riaglected but

also because the unknown wave form of the cyclic variations of the parameters

A, intnduces an error in the computation of the mean Mach number. An allow-

anoe for this error will be made by an uncertainty factor applied to the com-

jt puted mean -tream force. In this manner, the seriousnee.. of any error

-22-



introduced by this approximation may be evaluated by its effect on the finial

results.

When Eqs. (16), (17), and (19) are combined, one obtains

=~A 4J a-i (1-ZM -L- 2p __

Aro X ha 2 4AI) 
4

pAm i.,Ai (20)

The stream force contribution of the shroud flow is given by

-PA'max P. Ad Meay21

and therefore the stream force of the completely mixed flow is given by

___ = - ;). f < F4 >" (22)
pAmno A~ -X Ama

where t is the uncertainty factor just referred to.

The stagnation temperature & may be directly obtained from the free

stream value 00 and the amount of heat added to the entire flow per pound of

air•, •

This parameter is given by h?/c where h and

denote the heating value of the fuel and the combustion efficiency, respectively.

T.he over-all air/fuel ratio ct is related to the air/fuel ratio of the pulse-

jet by a -a (I -.,A ), and O is therefore given by

+ h - (23)

Having computed the streamforce, mass flow and stagnation temperature

at station b, one may obtain all other flow parameters in the same manner as

was done in the example earlier in this Section. The flow at the exhaust

nozzle, station e (Fig. 1), is easily obtained since the flow from station b
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4

to station e may be treated as isentropic. The exhaust pressure is atmospheric

and all flow parameters may therefore be obtained from the conditions

Once the exhaust conditions ar%. known, the air and fuel specific impulse

may be computed from the relations

Ud& -o (24)

and

I It (25)

From the definition of the air specific impulse, the specific thrust

follows as

T na

Substituting (1 ý)<rhj)t , for rý and then eliminating<rj>.,by means

of Eq. (14), one obtains the specific thrust of the engine in the form

T 2 -.., Tp (26)
~Am Ama- lap -p4 j

where the factor not only makes the equation nondimensional but also

represents the effect of altitude on thrust.
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B. Engines without mixing of the pulse Jet exhaust with the shroud flow

If the shroud is made so short that no mixing of the pulsejet exhaust

with the shroud flow takes place, the latter does not contribute directly to

the thrust produced except for a drag due to losses in the duct. Except for

these losses which will not be considered here, the shroud merely acts as a

device that allows the pulsejet to operate with full utilization of ram precom-

pression. Pulsejets operating under this condition were analyzed by Foa(2)

and his method thus applies also to the case under consideration here.

In this method, combustion is approximated by a polytropic process but

the value of the polytropic exponent depends greatly on the design of the

pulsejet and cannot be determined theoretically at the present time. However,

in Section IV.A the performance of the primary pulsejet at low flight Mach

numbers had to be assumed and the value of the polytropic exponent was therefore

determined from the condition that it would lead to a fuel specific impulse that

is in agreement with the assumed value at a flight Mach number arbitrarily taken

as 0.3. Although Foals analysis includes an allowance for friction losses and

also for variations of the specific heats, these effects are not taken into

account here in order to keep the results comparable with those of the previous

Section.

Unfortunately, this method does not allow the thrust of the engine to

be determined and the work had to be iimited to a calculation of the specific

impulse values.

- 25 -
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V. RESULTS OF THE ANALYSIS AND DISCUSSION

The results of the computations presented below are based on a per-

formance of the primary pulsejet prescribed by

T /,4j = 360 lb/ft2

= 90

If p = 1200 and 1800 sec.

These values were selected as corresponding to an average pulsejet.

The shroud design will be characterized by

A =,Am = 0.6

Other constants used throughout the computations are:

h = 19,000 Btu/ib.

•• =0.9

p = 2120 lb/It2

= 518 OR

= 460 OR

Q = 1718 ft.lb/slug OR

= 0.240 Btu/slug, 0 R

= 1.40 .

Fig. 7 shows the fuel specific impulse plotted versus flight Mach

number for completely ducted and tail ducted engines with and without mixing

of the pulsejet exhaust with the surrounding flow; the ýuel specific impulse

of the primary engine is taken here as 1200 seconds and the parameter C

which was introduced to allow for some uncertainty in the shroud flow is given

the values 1.0 and 0.9, respectively. For comparison, the performance of a
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ramjey. computed according to the method of reference (2) is also included in

the figures. It is based on the same over-all air/fuel ratio and the same as-

sumptions for losses that are used for the ducted Dulsejet. Fig. 8 gives the

same plot but is based on a primary engine for which the fuel specific impulse

is 1800 seconds. In Fig. 9, the specific thrust divided by the atmospheric

pressure is plotted versus flight Mach number for the case If = 1200 sec.

This figure refers only to configurations with complete mixing. As pointed out

before, the analysis in the case of no mixing allows only the specific impulse

to be determined but not the thrust.

It is seen that the computed performance dath are quite sensitive to

comparatively small deviations of 4, from unity. It does not seem possible

at the present time to obtain accurate values for 4 and for this reason,

the presented values can only be considered as rough estimates of the poten-

tial performance of the ducted pulsejet. However, general trends may be noted

and the following conclusions drwn from the results-

The augmentation effect due to mixing of the shroud flow with the

pulsejet exhaust is very appreciable except in the range of lower flight Mach

numbers. It is the more important the poorer the performance of the primary

engine. At low flight Mach numbers, the primary pulsejet of an engie in

which mixing takes place, acts as an intermittent ejector; instead of utiliz-

ing rem precompression, it operates at a pressure that is below ram pres-

sure and may even be lower than atmospheric pressure. The advantage of the

increased mass flow is then more than compensated by the mixing losses except

for possible thrust augmentation at static operation or at extremely low

flight velocities. The analysis, in the presented form, does not apply to

this mode of operation and since the high-speed range was of particular

-2?
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I1
interest, it is the only one considered here. The above conclusions are in

agreement with similar ones reached by Sanger

For subsonic flight Mach numbers, the analysis leads to the same re-

sults for a completely ducted and a tail ducted engine because any difference

would be due to a difference of friction losses in the two configuration that

have not been considered. In this range of flight velocities, the tail

ducted engine would therefore be more promising because the losses in the nar-

row passage between the pulsejet combustion chamber and the shroud (see Fig.l)

of a completely ducted engine would be avoided. Furthermore, a tail ducted

engine might be constructed with a smaller frontal area than a completely

ducted engine for the same ratio Aj /Amnax

Shock losses of a completely ducted engine are lower than those of a

tail ducted one. This may offset the initial advantage of the latter config-

uration and may make tie completely ducted pulsejet the superior engine in

the range of supersonic flight velocities.

At high Mach numbers, the performance of a ducted pulsejet in which

mixing takes place is not much different from that of a ramjet operating at

the same over-all Pir/fuel ratio. However, for decreasing flight Mach numbers,

the performance of the ramjet falls off faster than that of the ducted pulse-

jet. This shows that at high flight Mach numbers, the ducted pulsejet is

simply a ramjet In which the "flame holderv contributes a small thrust (or

even a drag) while at low flight Mach nunbers the characteristics of the

conventional pulsejet become more apparent.

The specific thrust of the ducted pulsejet operating with complete

mixing of its exhaust with the shroud flow may.reach fairly high values

although not as high as those that could be obtained with a ramjet operating

-8 -28
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at an air/fuel ratio closer to stoichiometric, or with a turbojet. The main

advantage of the ducted pulsejet would seem to lie in its capability of produc-

ing useful thrust at low flight velocities when compared to the ramjet, and in

its simplicity when compared to the turbojet.

It was pointed out before that in the case of engines in which no mix-

ing takes place, ducting merely represents a scheme to obtain pulsejet

operation with full utilization of ram precompression. An unducted engine work-

ing under the same conditions would have the advantage of considerably smaller

size for the same performance but no method to achieve this has been success-

fully demonstrated so far..

The computed performance data refer to engines that are designed for

the Mach number under consideration. The selected values for the design par-

ameters (e.g., %he mass flow ratio) apply only at the design Mach number and

assume different values at other Mach numbers, The curves thus represent the

potential performance at any Mach number and not the performance of an engine

of fixee )nfiguration. It appears desirable, however, to have the shroud ad-

justable in flight to permit utilization of mixing only in the range of Mach

numbers in which it is advantageous.

No test data for ducted pulsejets are available that could be com-

pared with the presented results. Such tests would not only have to yield

information about thrust and fuel consumption but would also have to supply

details of the internal flow conditions since without the latter, any com-

parison between theory and experiments would be meaningless.

Although it has not been possible to make accurate predictions regard-

ing the potential performance of the ducted pulsejet, the results indicate

that this engine type could find use in applications involving high subsonic

and low supersonic flight velocities.
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VI APPENDIX

Some Experimental Studies of the Flow Inside the Shroud near the Tail Pipe Exit
of the PulseJet

Two different experiments that had been performed in the early phases

of this program effectively supported the conclusion reached in Section III.B,

namely, that the flow around the tail pipe is practically brought to rest

periodically by the intermittent exhaust from the pulsejet.

The first experiment was based on the analogy between surface gravity
(6)

waves in shallow water and pressure waves in ducts . The model of a tail

ducted pulsejet was set into a tank of shallow water the depth of which was

approximately 0.5 inch. Periodic wavep leaving the tail pipe were produced by

an electrically driven pendulum that was subnerged in the "combustion chamber".

The flow was visualized by small droplets of ink on the water surface., At the

correct frequency of the pendulum an intermittent jet was formed(9) which in-

duced flow through the shroud by drawing particles from the shroud into the

tail pipe and then ejecting them downstream. It could be clearly observed that

the particles on the outside of the tail pipe moved intermittently with definite

stops in their motion.

In a second experiment, the tail pipe of a sma? pulsejet was surrounded

by a transparent duct. The exhaust again induced a pulsating flow that was

visualized by strongly illuminated smoke particles. High speed motion pic-

tures taken at about one thousand frames per second also demonstrated the

inflow into the tail pipe and the intermittent motion of the particles on the

outside of the tail pipe, particularly of those that were close to the

pulsejet walls.
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